View the article online for updates and enhancements. Abstract. For a reliable design of wind turbine systems all of their components have to be designed to withstand the loads appearing in the turbine's lifetime. When performed in an integral manner this is called systems engineering, and is exceptionally important for components that have an impact on the entire wind turbine system, such as the rotor blade. Bondlines are crucial subcomponents of rotor blades, but they are not much recognized in the wind energy research community. However, a bondline failure can lead to the loss of a rotor blade, and potentially of the entire turbine, and is extraordinarily relevant to be treated with strong emphasis when designing a wind turbine.
Introduction
Rotor blades of modern multi-megawatt wind turbines reach lengths of 80 m and more [1] . Such blades are slender and flexible structures, experiencing huge loads and large deflections. Associated with that, new challenges arise for the design and analysis of rotor blades [2] . Among others the damages of the leading edge and especially the trailing edge are common reasons for turbine blade failure [3] . Linked to that, and considering that failure of a blade may potentially lead to the loss of an entire wind turbine, the reliable design of rotor blade bondlines is crucial for designing reliable wind turbines, and thus highly relevant for wind turbine systems engineering. This paper deals with the 3D finite-element-based failure analysis of trailing edge bondlines in large rotor blades for ultimate and fatigue loads. The simulations are based on the reference wind turbine model IWT-7.5-164 [4] , which is a 7.5 MW direct drive wind turbine with 80 m long blades, and contains a detailed lay-up of the blade structure. The design of the laminates has been done elsewhere [4] . The adhesive connections, however, were not subjected to an elaborate dimensioning process, so that assumptions are made in the next section in this concern.
The focal point of this paper is a comparison between the shear stress proof according to the 2010 edition of the Germanischer Lloyd (GL) certification guidelines [5] and a multi-axial stress proof as demanded by the latest DNV-GL guideline [6] . Wacker & Hauschildt [7] suggest a simplified engineering approach to determine the mean shear stress in the bonding according to [5] , whereas for the multi-axial stress proof the analyses are based on the Tresca failure hypothesis considering a maximum shear stress and the Drucker-Prager failure hypothesis that takes into account different tensile and compressive strengths.
The simulation results support the recent modifications of the design guidelines, highlight the necessity to account for multi-axial stress states, and potentially open a discussion on the real failure mechanisms appearing in adhesive connections of wind turbine rotor blades.
Finite element model of the rotor blade
For the modeling of the IWT-7.5-164 reference blade a Model Creator and Analysis Tool called MoCA, which has been developed at the Institute for Wind Energy Systems at Leibniz Universität Hannover, was utilized. MoCA is MATLAB-based [8] and creates fully parameterized finite element models of wind turbine rotor blades in ANSYS [9] format using shell elements (element type number 181). An extension has been implemented for the discretization of the trailing edge bondline with solid elements (element type number 185). Two assumptions are made for the geometry of the trailing edge bondline: It has i) a width of 10 cm throughout the blade, and ii) a concave inner face shape.
Note that the aforementioned assumptions are quite rough (see also the respective comment in section 1) as the adhesive geometry normally is an outcome of a structural design. A concave shape at the inner face is generally difficult to manufacture due to restrictions in accessibility, hence convex shapes are normally realized. However, convex inner face shapes are related to high stress concentrations, whose effects on the failure mechanisms within the adhesive are not subject of this paper. As we focus on the general influence of a three-dimensional stress state, and not on advantages or disadvantages of a particular design or a particular bondline shape, the assumptions concerning the adhesive geometry seem reasonable.
The stress postprocessing is limited to a span-wise region from 41 m to 47 m for ultimate loads, and to a spanwise region from 41 m to 43 m for fatigue loads (due to computation time penalties). A mesh convergence study has been performed to guarantee reliable results. The resulting global finite element mesh and a local view on the adhesive are shown in Fig. 1 .
The bondlines treated in this paper are modeled by a relatively coarse mesh of 6 × 18 elements in the cross section to obtain fast results and compare different approaches. Hence, the [5] . The coordinate system for the applied forces is defined as in Fig. 2 (a) . postprocessing analyses disregard the outer elements in the cross section to avoid erroneous results from e.g. free edge effects or corner singularities. In this way cohesion failure is investigated and adhesion failure is neglected (since also very difficult to characterize). All degrees of freedom at the blade root are fixed as geometric boundary conditions. Aeroelastic simulations are the basis for load-like boundary conditions, see also sections 3 and 4. When applying concentrated external loads, high geometric nonlinearities appear in both ultimate and fatigue analyses in the 3D blade model. Hence, the blade was cut at a spanwise position of 54 m and internal forces and moments from aeroelastic turbine simulations were applied as external concentrated loads at the cutted end. In this way the geometric nonlinearities could be minimized to an acceptable extent (due to the small offset of the applied loads and the evaluated elements). The loads were linearly interpolated from the aeroelastic simulation output and then distributed along the span for 1 m (between 53 m and 54 m; 4 elements are used here in span-wise direction) and across the shell of the blade via rigid MPCs (element type number 170 for the target node and element type number 177 for the contact nodes; the target node is located on the threading line). In this way displacement restrictions from the load introduction is smoothened, and the distance between the load introduction nodes and the evaluation region avoids deformation penalties in the evaluated elements.
Ultimate load resistance of the trailing edge bondline
The worst case scenario has been applied for the determination of the material efforts due to ultimate loads, i.e. all ultimate loads have been applied at the same time in order to have one ultimate load state shown in Tab. 1 that can easily be compared for the different failure criteria. The design load cases (DLC) from the IEC standard [11] were calculated with the aeroelastic simulation program HAWC2 [10] . From the resulting load histories the extreme values for every defined cross section in the aeroelastic system were picked, which were mainly contributed by the DLC 1.1 (Power production), DLC 2.3 (Power production with electric system fault) and DLC 6.2 (Parked). Safety factors have not been considered in the aeroelastic simulations, but in the preceding postprocessing. The resulting internal forces and moments due to the load introduction strategy described in section 2, are given in Tab. 2 at the ends of the region where the stresses are evaluated (namely at spanwise positions of 41 m and 47 m). The internal forces and the torsional moment are constant, while the bending moments are linearly distributed. According to [5] the shear strength of the adhesive material has to be determined experimentally unless a certified adhesive is utilized. In the latter case, a simplified maximum shear stress proof can be performed using a characteristic shear strength of 7 N/mm 2 , that considers a stress concentration of factor 3. For the isolated shear strength approach we utilize an engineering approximation for the mean shear stress τ xz in the bondline given by
as proposed in [7] . Therein, I yy is the second moment of inertia of the entire blade cross section, Q x is the shear force in x-direction, S x is the static moment of the bondline cross section with respect to the x-axis, which is simplified to the product of bondline cross-sectional area, A bonding , and the distance of the centroid of A bonding to the x-axis, ∆x, i.e. S x = A bonding · ∆x, and w bonding corresponds to the width of the trailing edge bondline. The mean shear stress τ yz is calculated analogously. We neglect shear stresses τ xy due to torsional loading as it leads to negligibly small values compared to τ xz and τ yz . After applying a partial safety factor of γ F = 1.35 for the loads and γ Md = 2.45 for the material characteristics [5] the approximation according to Eq. (1) yields a maximum shear stress of τ yz,max = 1.98 N/mm 2 in the analyzed region. This results in a material effort of f max,GL = 0.69, i.e. stress proof fulfilled.
In the multi-axial analysis we employ a material that has the properties listed in Tab. 3, which are average adhesive strengths of experimental campaigns [12] . The multi-axial stress state is analyzed using two failure criteria, the Drucker-Prager yield criterion [13] and the Tresca failure hypothesis [14] . The Drucker-Prager criterion was developed for materials with different tensile and compressive strengths, e.g. concrete or polymers [15] . This is also the nature of adhesives commonly used for wind turbine rotor blades (EP and PU), which show a compressive strength that is significantly higher than the tensile strength [12] . The Drucker-Prager equivalent stress is given by the expression
see [15] , where m = R t /R c is the ratio between the tensile strength, R t , and the compressive strength, R c , and σ 1 , σ 2 , and σ 3 are the principal stresses, respectively, following the convention σ 1 ≤ σ 2 ≤ σ 3 . The strength ratio m normalizes the principal stresses to the tensile strength. We calculate the maximum shear stress in the material from the three-dimensional stress state via the well-known Tresca failure hypothesis [14] which is given by the expression [5] , which is illustrated in Fig. 2 (a) , and as principal stresses (S1,S2,S3) for each element. The graph clearly shows a dominant stress in spanwise direction (z-direction), which characterizes the main principal stress direction (S1), whereas all other stresses are a small fraction of it. Fig. 3 presents the Drucker-Prager and Tresca equivalent stresses compared to the maximum and minimum principal stresses in the 20 most stressed elements. These are mainly clustered at the end of the analysis region at a spanwise position of R = 47m. Additionally, the tensile and shear design strengths (R t,d and R s,d ) are outlined. From the relationship between the equivalent and the principal stresses we see that the equivalent stresses are significantly governed by the maximum principal stress S1, which in fact is approximately the stress in spanwise direction.
Furthermore, Fig. 3 shows that the Tresca equivalent shear stress exceeds the design shear strength for all shown elements reaching material efforts of up to f max,TR = 1.12, i.e. the strength proof is not fulfilled. The same holds for the Drucker-Prager equivalent stress that reaches a maximum material effort of f max,DP = 1.05. Recall that the simplified method according to [5] yields a material effort of f max,GL < 1, i.e. no failure occurs. We can conclude that taking into account the multi-axial stress state makes the difference between no failure and failure. The results of the ultimate load analysis for the whole analyzed region are shown in Fig. 4 , comparing the Drucker-Prager and Tresca equivalent stresses to the simplified approach [7] according to the GL-Guidelines [5] . For the equivalent stresses in the cross section a stress range of the 3-fold standard deviation is illustrated. The simplified approach results in an increase of shear stress for decreasing radii, as can be expected from the shear forces shown in Tab. 1, whereas the multi-axial equivalent stresses decrease towards the root. This is due to the complex and changing relation of stiffness, multi-axial loading and position of the bondline with respect to the principal bending axis of the whole cross section. Another interesting point is the step in the stress curves of the Drucker-Prager and Tresca equivalent stresses at a spanwise position of about 45.5-46 m. We figured out that at this position the trailing edge unidirectional reinforcement has a significant amount of ply drops, hence the structural stiffness decreases significantly, especially at the trailing edge, so that stresses are redistributed to the adjacent structures including the bondline. Consequently, the strains and stresses in the bondline produced by bending moments and normal forces can be reduced substantially by trailing edge reinforcements. 
Fatigue load resistance of the trailing edge bondline
Fatigue analyses of wind turbine components become more and more a key design issue. The degradation of the implemented materials limit the lifetime of the wind turbine or a wind turbine's component. The designing engineer has to guarantee a lifetime of at least 20 years demanded by the investment stakeholders and certification bodies. Thus the correct prediction of the components' lifetimes is of utmost importance.
Similar to ultimate load resistance analyses, the incorporation of multi-axial stress states in a fatigue analysis was not required according to [5] , but an isolated shear strength analysis was sufficient. Two ways existed to fulfill those certification requirements: i) experimental material characterization with subsequent fatigue analysis on the basis of a Goodman diagram, or ii) application of the simplified approach together with a GL-certified adhesive and calculation of the damage equivalent load amplitude for 10 7 cylces, which is not allowed to exceed the limit of 1 N/mm 2 . A multi-axial stress state as demanded from the latest DNV-GL-standard [6] has to be represented by one equivalent stress for lifetime predictions. In analogy to the first approach in [5] the calculated two-stage equivalent stress collective is evaluated using the Goodman diagram to perform the linear damage accumulation according to Palmgren & Miner [16] given by
Herein, n i is the number of cycles observed for the stress state i, and N i is the number of cycles for the stress state i that leads to fatigue failure. We use the same equivalent stress approaches for the fatigue analysis with a multi-axial stress state as in the ultimate load analysis presented in section 3, namely the Drucker-Prager and Tresca failure hypotheses. The fatigue analysis is performed for a spanwise region between 41 and 43 m in order to reduce the computational effort, see section 2.
For both the simplified and the multi-axial stress proof, the accumulated damage D has to be calculated based on Eq. (4). Therefore a load history is calculated with the aeroelastic simulation program HAWC2 [10] considering only the fatigue DLC 1.1 (Power production) according to the IEC standard [11] and a Rayleigh wind distribution with a mean wind speed of 8 m/s. The load history is evaluated using the rainflow counting method to determine the number of cycles n i , the mean stresses σ m,i , and the stress amplitudes σ a,i [17] . Furthermore, the number of cycles to failure N i is computed by means of a Goodman-Diagram of the adhesive for normal and shear stress application (interpolated from Fraunhofer IWES internal material experiments, [12] and [18] ) shown in Fig. 5 . As stated before, the transformation of the multi-axial stress state to the Drucker-Prager equivalent stress normalizes the multi-axial stresses to the smallest strength value, the tensile strength. Hence, only the tensile mean stress of the Goodman-Diagram is necessary to evaluate the load history.
The evaluation of the shear stress history of the simplified approach according to [7] in Eq. (1) results in a total damage D. With that damage and a given number of cycles n DEL , Eq. (4) yields the maximum number of cycles to failure, N DEL . The damage equivalent load amplitude (DEL) is calculated with the so-called Wöhler curve defined by
for alternating stresses with a mean stress σ m = 0 [16] . In Eq. (5), σ a is the stress amplitude, σ a0 is the maximum stress amplitude for a single cycle, and m is the Wöhler exponent. According to the GL certification guidelines, the shear stress proof is satisfied if the damage equivalent load amplitude does not exceed 1 N/mm 2 for n DEL = 10 7 . The calculated maximum annual total damage of the simplified shear stress approach is D τyz = 0.394, which results in a lifetime of about 2.5 years and a damage equivalent load amplitude of τ a,yz = 3.62 N/mm 2 > 1 N/mm 2 (m = 10, σ a0 = 19.92 N/mm 2 ). Hence, the proof is not satisfied and a lifetime of 2.5 years is far below the demanded minimum of 20 years. Note that this means that the trailing edge bondline would have to be re-designed in order to fulfill the design requirements. This step is omitted in this work since the focus is the comparison of different analysis methods, and not the particular design of an adhesive connection. For the multi-axial stress proof according to [6] this paper suggests the approaches with the Drucker-Prager and Tresca equivalent stresses for an initial fatigue analysis. Fig. 6 exemplarily shows the predicted lifetimes computed by the fatigue analysis for the Drucker-Prager equivalent stress, Fig. 6 (a) , and the Tresca equivalent shear stress, Fig. 6 (b) , of a cross section of the bondline at a spanwise position of R = 41m. Similar to the local view in Fig. 1 (b) the suction side of the blade is at the top, the pressure side is at the bottom, and the trailing edge is on the right-hand side of the figures. The results for the Drucker-Prager approach show high fatigue damages directly at the trailing edge resulting in a very low predicted lifetime with a maximum of less than three months. The analysis based on the Tresca equivalent shear stress shows similar results. The predicted lifetime in this case is about 8 months.
The predicted mean lifetime in a bondline cross section is plotted for a spanwise region between 41 m and 43 m in Fig. 7 . Therein, we observe that the larger the radius, the lower the lifetime becomes. This effect is due to the complex relations between stiffness, multi-axial loading and position of the bondline with respect to the principal bending axis and was already found in the ultimate load analysis. Both multi-axial approaches show lifetime predictions of less than 3 months. The results show a higher fatigue damage considering the multi-axial stress state compared to the simplified approach. The estimated lifetime is only a fraction of the 2.5 years computed with the simplified approach of the GL certification guideline.
It should be mentioned that normal stresses in spanwise direction based on the high edgewise bending moments dominate the multi-axial stress states in fatigue as well as for the static analysis of ultimate load resistance, determining the direction of one of the principal axes. Due to nonproportional loading the directions of the remaining two principal axes change throughout the load history. This makes an interpretation of the results difficult, as both multi-axial approaches do not consider the direction of the critical plane in every step in the load history. Thus, the accumulation of all damages without considering the plane of action yields an underestimation of the lifetime predictions, which has to be considered in future investigations.
Conclusions
According to the latest version of the GL guidelines for wind turbine rotor blade design, a stress proof for bondlines is required that takes into account a 3D stress state, instead of limiting to an isolated shear stress proof as was demanded by older GL guidelines. However, there is no method established for an accurate consideration of a three-dimensional stress state. Hence, this paper studied two different three-dimensional failure hypotheses, namely the Drucker-Prager and the Tresca failure criteria, and compared the respective finite element based predictions with a simplified shear stress proof according to older GL guidelines. Those comparisons have been performed for both ultimate and fatigue strength analysis of a trailing edge bondline. It was shown that incorporating a multi-axial stress state in the failure analysis of a trailing edge bondline results in significantly larger material efforts in the adhesive compared to an isolated shear strength analysis. This holds for both quasi-static ultimate strength and fatigue analysis. In the case of a fatigue assessment the high material efforts are linked to remarkably shorter lifetimes (if a traditional fatigue analysis concept is followed, where the first macroscopic damage is interpreted as end of life). Shorter lifetimes have been estimated utilizing both the Drucker-Prager and the Tresca failure criteria, supporting the recent modifications of the GL guidelines. An evaluation of more advanced methods such as the critical plane fatigue approach [19] or fracture mechanical approaches could be useful in estimating numerically the impact of a 3D stress state on the failure mechanisms of bondlines in wind turbine rotor blades.
It was also shown that the higher efforts in the trailing edge adhesive are a consequence of high longitudinal normal stresses due to blade bending, which most probably result in transverse cracks within the adhesive (since a crack normally formates perpendicular to the major stress component). Transverse cracks not necessarily correspond to final failure of the blade, since stress redistributions from the adhesive to the adherents could increase the loadcarrying capacity of the blade, offering the opportunity to further exploit material reserves. In this case nonlinearities would be introduced in the fatigue stress-strength relations that cannot be captured in today's fatigue analyses, which then requires novel design concepts. On the other hand, stress concentrations in the vicinity of the transverse cracks may as well affect the structural integrity of both adhesive and adherents, leading to final failure of the blade when the first transverse crack in the adhesive appears, and thus to shorter lifetimes. Consequently, in the latter case blades designed according to the former GL guidelines run the risk of not surviving the approved lifetime and the respective turbines may be prone to entire blade replacements (or severe retrofitting actions). The authors would like to emphasize that the numerical findings of this paper have to be verified by experimental investigations. Especially the strength hypotheses utilized in this work have to be thoroughly characterized by experiments. Further, there is a strong lack of knowledge concerning the real failure mechanisms appearing in the adhesive and the adherents, at least in literature. The scenarios described in the last paragraph are strictly contrary and are just two out of an almost infinite number of possibilities. From this it is clear that fundamental research, both in an experimental and a numerical framework (or ideally in a joint fashion), is absolutely necessary to clarify the real failure mechanisms of bondlines in wind turbine rotor blades, and to capture them in simulation environments for design processes.
